A highly efficient nuclear transformation method was established for the pennate diatom Phaeodactylum tricornutum using an electroporation system that drives multi-sequence pulses to introduce foreign DNAs into the cells. By optimizing pulse conditions, the diatom cells can be transformed without removing rigid silicabased cell walls, and high transformation efficiency (about 4,500 per 10 8 cells) is achieved.
Both for basic biological research and for commercial exploitation of diatoms, an efficient genetic transformation system is very important. Transformation of ditoms has been reported for several diatom species, including pennate diatoms Phaeodactylum tricornutum, [5] [6] [7] [8] Cylindrotheca fusiformis, 9, 10) and Navicula saprophila, and centric diatoms Cyclothella cryptica, 11) Thalassiosira pseudonana, 12) and Chaetoceros sp. 13) In general, delivery of foreign DNAs into diatom cells has been achieved by microprojectile bombardment, but this is not suited to high-throughput transformation of diatom cells due to the time required for sample preparation, costly consumables, and limited transformation efficiency. There is only one report that describes the genetic transformation of P. tricornutum by electroporation, 14) and this is still at a rudimental stage of development.
In this study, we applied a multi-pulse electroporation system to achieve nuclear transformation of P. tricornutum. We observed that increases in the number of pulses significantly improved transformation efficiency. The transformation efficiency reached 4,500 per 10 8 cells, which is higher than any previously reported diatom transformation system. P. tricornutum Bohlin (UTEX 642) was derived from the University of Texas Culture Collection. It was cultured in Daigo's IMK culture medium (Nihon Pharmaceutical, Osaka, Japan) supplemented with sea salts (Sigma, St. Louis, MO) and 0.2 mM Na 2 SiO 3 . Cultures were grown at 20 C in an artificial climate incubator. Cool-white fluorescent tubes provided an irradiance of 30 mmol photons m À2 s À1 under continuous light conditions.
To generate transgenic P. tricornutum, plasmid pPha-T1, which has a bleomycin-resistant gene cassette with the fcpB promoter, 7) was used. The sGFP gene (sgfp) and the GUS (uidA) gene were amplified by PCR using primer pairs, 5
0 -GCCGTTTCGAGAATTCATGGTGA-GCAAGGGCGAGG-3 0 and 5 0 -CACGCTTCTGAAGC-TTACTTGTACAGCTCGTCCATGC-3 0 for sgfp, and 5 0 -AGAATTCTCCCCGGGTGGTCAG-3 0 and 5 0 -AAAA-GCTTTGGTGCGCCAGGAGA-3 0 for uidA. Plasmids CaMV35S-sGFP(S65T)-nos 15) and pBI221 were used as templates for PCR. The amplified sgfp and uidA cDNA fragments were inserted between the EcoRI and the HindIII site located in the multi-clonig site of pPha-T1, which is located downstream of the fcpA promoter. Electroporation was done by NEPA21 apparatus (NEPAGENE, Chiba, Japan). Diatom cells at exponential growth phase (OD 700 ¼ 0.2-0.4, 5:9 Â 10 6 cells) were collected by centrifugation at 700 Â g for 4 min, washed, and resuspended with 0.77 M mannitol. A suspension aliquot of 0.15 mL was mixed with 1-10 mg of plasmid that had been linearized by NdeI, and then transferred to an electroporation cuvette with 0.2 cm gap. After electroporation, the cells were transferred into 4 mL of IMK medium and then incubated to allow recovery in nonselective medium at 20 C for 16-20 h under a photon flux density of 30 mmol photons m À2 s À1 . Considering the slower growth rate of P. tricornutum cells, 16) most of the cells did not be divide during this incubation period. Cells were collected by centrifugation at 700 Â g over 4 min and resuspended in 0.2 mL of IMK medium. The transformed cells were selected on IMK agar plates containing 1% agar and 100 mg/mL of zeocin Ò (Life Technologies, Carlsbad, CA). To examine the integration of the reporter genes in the diatom genome, genomic DNA was isolated from transformed cells that were subcultured 2-3 times on selective medium. The protocol described by Kim et al. 17) was used to isolate genomic DNA. Primer pairs Note A d v a n c e V i e w P r o o f s
0 and 5 0 -CGCCAACGCGCAATA-3 0 for uidA, and 5 0 -TGACAGAGCGTGGTTACTCG-3 0 and 5 0 -AGGTCCACATGGACTGGAAG-3 0 for actin were used in genomic PCR. The GFP fluorescence of the transformed diatom cells was analyzed under a BZ-9000 fluorescent microscope (KEYENCE, Osaka, Japan). The field of cells was excited at 490 nm, and fluorescence emission was detected at 510 nm. GUS staining was performed as described previously. 18 ) Figure 1 illustrates a muti-pulse sequence generated by the electroporation system (NEPA21). Multiple highvoltage pulses of short duration and with 10% voltage decay (poring pulses) facilitate the formation of temporary pores. Subsequent multiple low-voltage pulses (transferring pulses) of long duration and with 40% voltage decay facilitate the delivery of DNA into the cells. During the transfer pulse regime, the electrode polarities are reversed to make the DNA move in the opposite direction, as this increases transformation efficiency. This electroporation system was applied for the efficient transformation of various types of animal cells (http://www.nepagene.jp/E/Eindex.htm).
This 2-step multi-pulse electroporation was applied to diatom transformation. It was found that the critical parameter was the number of poring pulses. For direct comparison of transformation efficiency, we used plasmid vector pPha-T1, widely used in previous studies. The GFP (S65T) and the GUS gene (sgfp and uidA respectively) were included in pPha-T1 as reporter genes. The voltage of the poring pulses should be higher than 250 V to achieve zeocin-resistant colonies. The pulse duration can be either of 2.5 ms or 5 ms, whereas a duration of 5 ms was preferred for higher transformation efficiency (data not shown). Figure 2A shows the dependence of the transformation efficiency on the number of poring pulses applied. Transformation efficiency reached a maximum when seven pulses were applied, and further increases in the number of pulses did not improve efficiency.
We also examined the buffer for electroporation, and found that complete replacement of IMK medium with 0.77 M mannitol gave good results. Furthermore, increases in the amount of DNA up to 3-5 mg per cuvette improved transformation efficiency (Fig. 2B) . It is very important to use a linearized vector to obtain high transformation efficiency. Without linearization, an approximately 10-fold reduction in transformation efficiency was observed (data not shown). The optimized transformation efficiency reached about 4,500 transgenic colonies per 10 8 cells, 10-100 times higher than reported for other P. tricornutum transformation systems, using microprojectile bombardment and the same pPha-T1 vector. 7, 8) An additional advantage of the method described here is the shorter period required to obtain zeocin-resistant colonies. Usually it takes 3-4 weeks to observe zeocin-resistant colonies by microprojectile bombardment. In our system, zeocin-resistant colonies started to appear 10-15 d after electroporation. This might have been due to less damage to diatom cells, with intact cell walls.
We examined the introduction and expression of the sgfp and uidA genes in transgenic diatom cells. It has been reported that some GFP derivatives do not accumulate efficiently in diatom cells. 7) In general, the eGFP gene is used for diatom study because it has a number of silent mutations that ensure optimum codon usage in human cells, and they are coincidentally preferred by P. tricornuntum. In this study, we used the sGFP (S65T) gene, widely used in plant research. Multiple high-voltage poring pulses (P.P.) facilitate the formation of temporary pores, and subsequent multiple low-voltage transferring pulses (T.P.) facilitate the introduction of DNA into the cells. (A) Dependence of transformation efficiency on pulse numbers. Square electric poring pulses were applied at 300 V (pulse duration, 5 ms; 1-9 pulses; interval 50 ms; 10% decay rate), followed by transferring pulses at 8 V (pulse duration, 50 ms; 5 pulses; interval 50 ms; 40% decay rate). (B) Dependence of transformation efficiency on DNA amounts. Square electric poring pulses were applied at 300 V (pulse duration, 5 ms; 8 pulses; interval 50 ms; 10% decay rate), followed by transferring pulses at 8 V (pulse duration, 50 ms; 5 pulses; interval 50 ms; 40% decay rate).
Genomic DNA was isolated from transgenic diatom cells that had been subcultured 2-3 times on fresh selective media after transformation. The presence of the introduced sgfp or uidA gene in the genome was detected by PCR in all the transgenic diatom cells examined (Fig. 3A) . Observation under a fluorescent microscope showed bright GFP fluorescence in the cells containing the sgfp gene (Fig. 3B, C) and strong GUS staining in the cells containing uidA (Fig. 3D) , confirming that expression of the reporter genes was maintained stably during the repeated segregation process. Expression level of sgfp in each transgenic line was estimated from the intensity of GFP fluorescence (Fig. 3E ). GFP fluorescence levels were different among the transgenic cell lines and this was probably caused by differences in copy number or the position of the reporter gene in the genome.
In conclusion, the application of the multi-pulse electroporation markedly improved the transformation efficiency of the diatom P. tricornuntum. We found that this system was also effective for other algal cells, such as the green algae Chlamydomonas reinhardtii with cell walls (Aoi and Ifuku, unpublished data). The method described here is fast and economical, and should contribute to academic and commercial exploitation of the organism. (A) PCR amplification of the sgfp, uidA, and actin genes in transgenic P. tricornutum genomic DNA. Isolated genomic DNAs from the wild type (wt) and four zeocin resistant clones (G1-G4 for sgfp-transformed cells and U1-U4 for uidA-transformed cells) were used for PCR analysis. Fluorescent (B) and Light (C) photomicrographs of P. tricornutum cells expressing sGFP (S65T). The presence of the sGFP (S65T) protein was indicated by bright-green fluorescence. (D) Light photomicrograph of P. tricornutum cells expressing GUS. GUS activity was detected as blue staining. Scale bar is 10 mm. (E) Fluorescence levels of transformed P. tricornutum cells expressing sGFP. The relative fluorescence levels of the cells in the transgenic lines were estimated by the Image J program. 19) Values are means AE SD for 5-6 cells.
